Protein phosphorylation on serine and threonine residues plays a central role in regulating much of the normal physiology of the cell. As one of the most common post-translational modifications, phosphorylation alters protein function in a number of different ways, including directly increasing or decreasing the protein's activity. In a growing number of cases, however, serine/threonine phosphorylation appears to 'work' by inducing specific proteinprotein interactions that themselves are responsible for the changes in the phosphorylated protein's subcellular localization, binding specificity or activity. In this regard, several families of signalling proteins and protein modules (domains) have been identified over the last 9 years that bind specifically to short phosphoserine/phosphothreonine-containing sequences [1] . The most ancient of these, both historically and evolutionarily, appears to be a small group of ubiquitous proteins called 14-3-3 proteins [2] [3] [4] [5] . Originally named after their elution position on DEAEcellulose chromatography and their migration position on starch gels, 14-3-3 proteins form α-helical cup-shaped homo-and hetero-dimers. Each 14-3-3 dimer is capable of binding to one or two ligands simultaneously, generally, though not always, in a phospho-dependent manner.
Approx. 70 proteins have been rigorously identified as 14-3-3 ligands, including a number of prominent proteins that are involved in controlling progression through the cell cycle, orchestrating the sustained response to DNA damage, inducing immortalization and tumorigenesis, initiating apoptosis, regulating differentiation and proliferation, and controlling chromatin remodelling. These 14-3-3-binding partners include, in mammalian cells, the mitotic phosphatases Cdc25B and C, the pro-apoptotic protein BAD (Bcl-2/Bcl-X L -antagonist, causing cell death), the Polyoma middle-T oncoprotein, HDACs (histone deacetylases) 4, 5 and 7, the protein kinase Raf, and the catalytic subunit of human telomerase, along with a wide variety of other proteins involved in various aspects of cell behaviour. Exactly how 14-3-3 proteins manage to regulate such a diverse assortment of proteins remains unclear. However, the majority of data support the general idea that 14-3-3 proteins are phospho-dependent chaperones that stabilize their bound ligands in conformations that are sampled 1 e-mail myaffe@mit.edu less frequently when the ligand is in the unbound state. Thus 14-3-3 proteins can, for example, expose or mask nuclear import and export sequences [6, 7] or maintain bound enzymes in an active conformation [8] .
To date, however, a rigorous mapping of the 14-3-3 phosphoproteome had not been performed. A paper from the MacKintosh group in this issue of the Biochemical Journal [9] changes all that, and reveals how truly promiscuous 14-3-3 proteins really are. In this work, Pozuelo Rubio et al. [9] performed affinity chromatography with a yeast 14-3-3-Sepharose column to isolate over 200 phosphoproteins from proliferating HeLa cells. Proteins bound to the column were eluted using a small 14-3-3-binding phosphopeptide, thereby minimizing the recovery of proteins that were bound to the column resin in a non-specific manner. The recovered proteins were identified by trypsin digestion and MS. Most of the proteins lost the ability to bind to 14-3-3 when treated with the serine/threonine phosphatase PP2A, indicating that their 14-3-3-interaction was phospho-dependent. Among the proteins identified in this screen were approx. 50 molecules involved in the biosynthesis of sugars, nucleotides, proteins, fatty acids and enzyme cofactors, as well as over 20 molecules involved in protein folding and ubiquitin-proteasome-mediated protein degradation. This result is particularly interesting because, although 14-3-3 proteins are well recognized as key regulators of metabolism in plants [10] , it was not generally appreciated that they might play a similar role in animal cells.
In addition to proteins involved in metabolism and biosynthesis, the 200 14-3-3-bound phosphoproteins contained over a dozen proteins involved in DNA/chromatin structure. These include HDAC 2 and 4, Ino80, a chromatin-remodelling ATPase, and the DNA replication licensing factor MCM3, whose phosphorylation state correlates with its release from chromatin following DNA replication. Other intriguing 14-3-3-binding proteins identified in this screen include several tubulins and kinesins, numerous proteins involved in actin dynamics, including two Rho GEFs (guanine nucleotide-exchange factors), a Rac-GAP, zyxin and VASP (vasodilator-stimulated phosphoprotein), a variety of kinases involved in cell division [CDK4 (cyclin-dependent kinase 4) The findings from this proteomic screen clearly suggest the next set of questions to be answered: what kinases are responsible for conferring the 14-3-3-binding of these proteins? What effect does 14-3-3 binding have on their function? Clearly, Pozuelo Rubio et al. [9] have provided a tantalizing glimpse of how a single phosphoserine/threonine-binding protein, 14-3-3, can regulate at least 200-odd targets involved in a myriad number of cellular pathways in a protein-kinase-dependent fashion. Decoding the functional implications of this will probably occupy a small army of biochemists and cell biologists for many years to come.
